Chemical context
Carbamoyl disulfanes were first reported by Harris (1960) . This family of compounds has served as useful model compounds for synthetic and mechanistic work in organosulfur chemistry and nitrogen-protecting-group development (Barany & Merrifield, 1977; Barany et al., 1983; Schroll & Barany, 1986; Barany et al., 2005; Schrader et al., 2011) . The trichloromethyl derivatives reported here, (trichloromethyl)(N-methylcarbamoyl)disulfane, (1) (Fig. 1) , (trichloromethyl)(N-benzylcarbamoyl)disulfane, (2) (Fig. 2) , and (trichloromethyl)(N-methyl-N-phenylcarbamoyl)disulfane, (3) (Fig. 3) , are particularly stable. All three compounds have been stored under ambient conditions for periods in the range of two to four decades, with no evidence of decomposition based on unchanged 1 H NMR spectra and melting points.
Structural commentary
The three (trichloromethyl)(carbamoyl)disulfanes differ in the substituents on the carbamoyl nitrogen, but the bond lengths and angles of the common CCl 3 SS(C O)N moieties of each are markedly similar for the two molecules in the asymmetric units of (1) and (3), as well as for the single conformation of (2) ( Tables 1 and 2 ). The corresponding structural features of (3) are also similar to the bond lengths and torsion angles of other carbamoyl disulfanes that include an SS(C O)N(Me)Ph chain, including, for example, bis(Nmethyl-N-phenylcarbamoyl)disulfane (ZAQWUL, formula [Ph(Me)N(C O)S] 2 ) (Schroll et al., 2012) and (N-methyl-N-phenylcarbamoyl)(N-methyl-N-phenylamino)disulfane [formula Ph(Me)N(C O)SSN(Me)Ph] (Henley et al., 2015) .
Supramolecular features
The three compounds arrange in three distinct packing configurations. The two nearly superimposable molecular structures of (1) are alternately hydrogen-bonded (NHÁ Á ÁO C) in chains along [110] (Table 3) . Successive molecules of each of two chains are linked by 3.162 (1) Å S1AÁ Á ÁO1B contacts, 0.157 Å less than their van der Waals radii sum ( The molecular structure of compound (1) showing the atom-labelling scheme, with two molecules (Z 0 = 2) per asymmetric unit. Displacement ellipsoids are drawn at the 50% probability level.
Figure 2
The molecular structure of compound (2) showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 50% probability level.
Figure 3
The molecular structure of compound (3) showing the atom-labelling scheme, with two molecules (Z 0 = 2) per asymmetric unit. Displacement ellipsoids are drawn at the 50% probability level.
Table 1
Selected bond lengths (Å ) and angles ( ) for CCl 3 SS(C O)N moieties. 3.4304 (8) Å (À0.070 Å less than their van der Waals radii sum) and 3.3463 (8) Å (À0.154 Å less than their van der Waals radii sum), Cl3BÁ Á ÁCl1AÁ Á ÁCl3B and Cl1AÁ Á ÁCl3BÁ Á ÁCl1A angles 73.40 (2) and 82.01 (2) , and Cl3BÁ Á ÁCl1AÁ Á ÁCl3BÁ Á Á Cl1A and Cl1AÁ Á ÁCl3BÁ Á ÁCl1AÁ Á ÁCl3B torsion angles À50.45 (2) and 48.78 (2) . These result in chlorine-dense regions of the crystal structure (Fig. 5) , and the formation of sheets parallel to (001). Halogen bonding involving trichloromethyl groups in supramolecular structures was described by Rybarczyk-Pirek et al. (2013) .
The unit cell of (2) consists of pairs of hydrogen-bonded dimers about an inversion center. The molecules in each dimer are linked by NHÁ Á ÁO C hydrogen bonds (Table 4) 
Figure 4 Hydrogen-bonded chains of (1) are linked by S1AÁ Á ÁO1B contacts. Only H atoms involved in N-HÁ Á ÁO C bonds are shown.
Table 3
Hydrogen-bond geometry (Å , ) for (1). 
Table 4
Hydrogen-bond geometry (Å , ) for (2). 
Figure 5
A chlorine from each of four molecules of (1), in separate chains, form a short-contact skew quadrilateral. Only H atoms involved in N-HÁ Á ÁO C bonds are shown.
Figure 6
Packing structure of (2). Hydrogen-bonded chains are linked by pairs of O1Á Á ÁCl3 contacts. H atoms are not shown unless they participate in hydrogen bonding.
hydrogen-bonded chain has extensive links to two other chains. The resulting structure features alternating layers of trichloromethyl and benzyl groups (Fig. 6 ). Compound (3) has no available classical hydrogen bonding and lacks the chlorine-dense regions of (1) and (2). Of the two conformations available for (3), it is noteworthy that the four sulfurs of two adjacent molecules of (3b) are positioned in a parallelogram [angles 80.65 (2) and 99.35 (2) , torsion angle 0.00 (2) ] with intermolecular contact distances of 3.5969 (8) Å , slightly less than the sum of their van der Waals radii; no such configuration is evident for molecules of (3a). Fig. 7 shows a schematic view of the intermolecular interactions. A pair of non-classical hydrogen bonds [C9A-H9AAÁ Á ÁO1B and C9B-H9BAÁ Á ÁO1A, with HÁ Á ÁC contact distances 2.55 and 2.54 Å , CÁ Á ÁO distances of 3.360 (3) and 3.432 (3) Å , and C-HÁ Á ÁO angles of 143 and 157 ] connect (3a) and (3b) molecules. Two additional non-classical hydrogen bonds [C5A-H5AAÁ Á ÁCl1B and C3B-H3BAÁ Á ÁCl3A, with HÁ Á ÁCl contact distances 2.82 and 2.81 Å , CÁ Á ÁCl distances of 3.732 (2) and 3.649 (2) Å , and C-HÁ Á ÁCl angles of 161 and 144 ] are shown.
Database survey
Crystal structures for two additional carbamoyl disulfanes have been reported: bis(indolylcarbamoyl)disulfane (BOWGAV, formula [C 8 H 6 (Bereman et al., 1983) and bis(N,N-dicyclohexylcarbamoyl)disulfane (UDALER, [cHex 2 N(C O)S] 2 ) (Li et al., 2006) . Their molecular structures are consistent with those of the three compounds reported here. Neither of these comparison structures contains halogen atoms or supramolecular hydrogen bonds. The crystal structure of 1,7-bis(trichloromethyl)heptasulfane contains both short ClÁ Á ÁCl contacts and a parallelogram (four sulfurs) formed from the trichloromethyl-adjacent S-S bonds of two molecules (REHKUK; Steudel et al., 1995) .
Synthesis and crystallization
Compounds (1) (Harris, 1960; Barany et al., 2005) , (2) (Barany et al., 2005) , and (3) (Barany et al., 1983; Schroll & Barany, 1986) were synthesized and crystallized as outlined in Fig. 8 and described in the referenced publications. The reaction of (4) plus (5), shown in the top pathway of Fig. 8 , is termed the Harris reaction (Harris, 1960) . For the alternative Harris pathway shown in the middle of Fig. 8, compound (6) , a thiocarbamate salt, is typically made by reaction of carbonyl sulfide (COS) with a primary or secondary amine HNR 1 R 2 . Therefore B + is usually the appropriate ammonium counter-
Finally, several variations of acylation chemistry are summarized in the bottom pathway of Fig. 8 , as originally worked out by Barany et al. (2005) . When R 3 = H, starting amine HNR 1 R 2 is present in sufficient excess so that a second equivalent of amine can absorb the HCl co-product. When R 1 and/or R 3 = TMS, stoichiometric ratios can be used, since co-product TMS-Cl is neutral. Note that for some reactions, a TMS group attached to N becomes an H after aqueous workup.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 5 . N-H hydrogen atoms were refined positionally, with restrained d(N-H) = 0.85 (1)Å . H atoms attached to C were idealized (C-H: 0.95 Å , C-H 2 : 0.99 Å , C-H 3: 0.98 Å ). In all cases, U iso (H) = x Â U eq (Host), x = 1.2 except for methyl groups, where x = 1.5. Synthetic routes to (trichloromethyl)(carbamoyl)disulfanes, (1), (2) and (3). See text for further details. Computer programs: SMART and SAINT (Bruker, 2007) , SHELXL2014 (Sheldrick, 2015) , SHELXTL (Sheldrick, 2008) For all compounds, data collection: SMART (Bruker, 2007 ); cell refinement: SMART (Bruker, 2007) ; data reduction:
SAINT (Bruker, 2007 ); program(s) used to solve structure: SHELXTL (Sheldrick, 2008 ); program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015) ; molecular graphics: SHELXTL (Sheldrick, 2008) and Mercury (Macrae et al., 2008) ; software used to prepare material for publication: SHELXTL (Sheldrick, 2008) , PLATON (Spek, 2009) ,
(
1) (N-Methylcarbamoyl)(trichloromethyl)disulfane
Crystal data 
Special details
Experimental. Compound (1) (Harris, 1960; Barany et al., 2005) was synthesized and crystallized as outlined in the Scheme and described in the referenced publications. C1A-S1A-S2A-C2A 93.63 (8) C1B-S1B-S2B-C2B 93.49 (8) S2A-S1A-C1A-Cl2A 60.37 (10) S2B-S1B-C1B-Cl3B −60.94 (10) S2A-S1A-C1A-Cl3A −63.18 (10) S2B-S1B-C1B-Cl2B 62.34 (9) S2A-S1A-C1A-Cl1A
178.38 (6) S2B-S1B-C1B-Cl1B −179.58 (6) C3A-N1A-C2A-O1A 3.3 (3) C3B-N1B-C2B-O1B 1.6 (3) C3A-N1A-C2A-S2A −176.22 (14) C3B-N1B-C2B-S2B −176.67 (12) S1A-S2A-C2A-O1A 2.87 (16) S1B-S2B-C2B-O1B −0.66 (15) S1A-S2A-C2A-N1A −177.64 (11) S1B-S2B-C2B-N1B 177.64 (11) Hydrogen-bond geometry (Å, º) (18) 175 (2) Symmetry codes: (i) −x+1/2, −y+1/2, −z+1; (ii) −x, −y+1, −z+1.
(2) (N-Benzylcarbamoyl)(trichloromethyl)disulfane
Crystal data Special details Experimental. Compound (2) (Barany et al., 2005) was synthesized and crystallized as outlined in the Scheme and described in the referenced publication. 
Special details
Experimental. Compound (3) (Barany et al., 1983; Schroll & Barany, 1986 ) was synthesized and crystallized as outlined in the Scheme and described in the reference publications. 
